One sentence summary: Genomic analyses of Psychrobacter strains revealed several clusters with distinct characteristics that correlated with habitat (marine, terrestrial or warm-host associated).
INTRODUCTION
Cold-adapted bacteria have been isolated from a variety of low-temperature habitats that include the ocean, sea ice, frozen polar and alpine soils, permafrost, polar and alpine lakes, and glacial ice. Many model psychrophiles have been isolated from marine environments and are often stenopsychrophiles that grow over a narrow range of temperature with a maximum growth temperature less than 20
• C (Morita 1975; Cavicchioli 2006 ).
Study of model psychrophiles has revealed important information about the cold adaptation of proteins, membranes, physiology, gene expression, etc. (for review see De Maayer et al. 2014; Margesin 2017) . For example, to maintain function at low temperatures cold-adapted proteins have fewer stabilizing interactions (Feller 2013; Gerday 2013) , membranes contain increased amounts of unsaturated fatty acids (Russell 2007; Russell 2008; Gerday 2011) , and processes such as DNA replication, transcription, and translation require the assistance of additional proteins. Furthermore, many psychrophiles have a high halotolerance in part due to commonalities between responses to salt stress and cold stress (Welsh 2000; Srimathi et al. 2007; Schmid et al. 2009; Gallardo et al. 2016) . Most of these cold adaptations are also found in cold-adapted bacteria isolated from frozen soils and permafrost. However, cold-adapted bacteria from low temperature terrestrial environments such as permafrost are usually eurypsychrophilic, growing over a broad range of temperature with maximum growth temperature greater than 20
• C (e.g. Bakermans et al. 2006; Finster, Herbert and Lomstein 2009; Niederberger et al. 2009; Suetin, Shcherbakova and Chuvilskaya 2009; Mykytczuk, Wilhelm and Whyte 2012; Shcherbakova et al. 2013) . These eurypsychrophilic bacteria may reflect the different constraints of low temperature terrestrial environments as compared to marine environments. For example, terrestrial surface environments experience daily and seasonal temperature fluctuations which range from highs of about 10
• C during the summer to lows of 50 • C in the winter. Most Arctic permafrost (soil that remains frozen for two or more years) is characterized by passage through an active layer which freezes and thaws on a seasonal basis with subsequent burial in permanently frozen sediments that experience more stable temperatures. In contrast, most low temperature marine environments (except sea ice) experience relatively stable temperatures with averages ranging from −1 to 5 • C (Casanueva et al. 2010) . At temperatures above freezing, the liquid water in terrestrial environments has much lower solute concentrations than marine systems; however, at temperatures below freezing, the salinity of any remaining liquid water increases as temperature decreases due to solute exclusion from the ice matrix and freezing point depression by solutes. This effect allows fairly large brine channels to form within sea ice that are known to host diverse active microbial communities (Junge et al. 2002; Junge, Eicken and Deming 2004; Bock and Eicken 2005; Junge et al. 2011) . However, in frozen soils, liquid water exists primarily as thin brine films between soil particles and ice crystals. At temperatures of −7 to −15 • C these films become so small and disconnected that microbial respiration effectively ceases (Jakosky et al. 2003; Schaefer and Jafarov 2016) . These physicochemical differences likely contribute to differences in abilities and adaptations of terrestrial and marine psychrophiles. However, it is difficult to determine if terrestrial psychrophiles have different adaptations than marine psychrophiles in part due to a limited number of thoroughly characterized isolates and genome sequences.
Habitat specific cold-adaptations could be examined in the genus Psychrobacter which contains cold-adapted species that have been isolated from a variety of environments (Bowman 2006) . Many Psychrobacter species have been isolated from cold marine environments that include Antarctic sea ice, sea water and sediments in the Pacific and Southern oceans, the deep sea and sea life such as krill, seal, porpoise, sponges, crab, sea squirt and plants (Table 1) . Psychrobacter have also been isolated from Siberian and Antarctic frozen soils and permafrost (Bowman et al. 1996; Bakermans et al. 2006; Kim et al. 2012) . In addition, quantitative PCR analyses have revealed that Psychrobacter are widespread in soils throughout Antarctica and Siberia (Rodrigues et al. 2009 ). Interestingly, Psychrobacter have also been isolated from warmer habitats like humans, lambs and pigeon feces (Juni and Heym 1986; Kampfer et al. 2002; Vela et al. 2003; Wirth et al. 2012) . Most Psychrobacter strains are coldadapted eurypsychrophiles, but mesophilic (Yassin and Busse 2009; Wirth et al. 2012 ) and stenopsychrophilic (Bowman et al. 1996; Bowman, Nichols and McMeekin 1997) strains also exist. The diversity of habitats from which Psychrobacter have been isolated provides a unique opportunity to examine habitat specific adaptations while reducing phylogenetic effects.
Here, the genomes of 26 strains of Psychrobacter are compared to discern differences due to habitat. Phylogeny of the strains is established by comparing the gene for RNA polymerase beta subunit (rpoB), average nucleotide identity (ANI) and average amino acid identity (AAI). Subsequently, the pan genome of the genus is described and the gene content of strains and habitats examined. The amino acid composition of strains is also explored for habitat-specific trends. Amino acid characteristics that represent potential cold adaptation traits (PCAT) of genes are examined both genome-wide and within homolog groups. Genome-wide, the fraction of KVYWREP may correlate with optimum growth temperature as shown in Zeldovich, Berezovsky and Shakhnovich (2007) . Within homolog groups, specific amino acid traits that have been shown to correlate with cold adaptation will be examined and include: increased glycine content, decreased proline content, an increase in hydrophobic residues, decreased arginine content, higher acidity and a decrease in the number of ion pairs (Feller 2013; Gerday 2013; De Maayer et al. 2014; Fields et al. 2015) . Small changes in these amino acid traits lead to the modification of protein flexibility that is key to enzyme adaptation to low temperature. These comparative studies reveal adaptations common to psychrophilic Psychrobacter and specific to the particular low-temperature environment each strain inhabits. Understanding the genetic basis of cold adaptation in terrestrial bacteria is vital to determining how these organisms behave and contribute to carbon cycling in Arctic permafrost and frozen soils in light of changing temperatures and geochemical conditions (Graham et al. 2012; Jeffries, Richter-Menge and Overland 2014; Schuur et al. 2015; Chadburn et al. 2017) . Table 1 lists and briefly describes the Psychrobacter strains with genome sequences available through the Joint Genome Institute's IMG/MER database (as of May 2017) and includes available growth temperature and salt tolerance data. Metadata, genome statistics, genome annotations and the DNA sequences, and amino acid sequences were downloaded from the IMG/MER database (Markowitz et al. 2012) . The mesophilic Acinetobacter baumannii ATCC 19606 (Taxon ID 2534682196) which is commonly isolated from human patients (Bouvet and Grimont 1986) was used as an outgroup.
MATERIALS AND METHODS

Genomes analyzed
Phylogenetic analyses
DNA sequences of the rpoB gene were aligned with Clustal Omega version 1.2.4 (Sievers et al. 2011) . Evolutionary history was inferred from the Clustal Omega alignment by using the Maximum Likelihood method based on the TamuraNei model (Tamura and Nei 1993) . Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting the topology with superior log likelihood value. Codon positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were eliminated. Evolutionary Intestines, finless porpoise, Japan(stored at-20
• C for about one year prior to isolation) (Kudo et al. 2014) 2617270709 Psychrobacter sp. LV10R520-6 Lake Vida Brine, ATA (Kuhn et al. 2014) analyses were conducted in MEGA6 (Tamura et al. 2013) . Pairwise ANI was calculated in IMG/MER as follows: BBHs between a genome pair are computed as pairwise bidirectional best nSimScan hits of genes having 70% or more identity and at least 70% coverage of the shorter gene. Pairwise AAI was determined using the AAI calculator which estimates the AAI using both best hits (one-way AAI) and reciprocal best hits (two-way AAI) between two genomic datasets of proteins (Rodriguez-R and Konstantinidis 2014; Rodriguez-R and Konstantinidis 2016). Dendrograms were constructed from ANI and AAI pairwise distances using the Neighbor-Joining method (Saitou and Nei 1987) in MEGA7 (Kumar, Stecher and Tamura 2016) .
Pan genome and gene content
OrthoMCL was used to identify homologs and to cluster coding DNA sequences (CDS) into ortholog groups (Fischer et al. 2011) . The amino acid sequences of CDS from all 26 genomes (71 062 sequences) were analyzed. The OrthoMCL algorithm (Li, Stoeckert and Roos 2003) classified CDS as either: (1) belonging to a pre-existing OrthoMCL ortholog group (identifier OG5 nnnnnn) or (2) belonging to a homolog group only found within the genus Psychrobacter (identifier corresponds to the IMG gene id for one of the genes within the group) or (3) not belonging to any group and therefore unique. The more general term homolog group will be used here, as sometimes CDS in a group are from different genomes (orthologs) and sometimes they are in the same genome (paralogs) or a combination thereof. Homolog groups were assigned a COG category based on the COG annotation (as determined in the IMG/MER) of the CDS in that group. If CDS within a group were annotated to different COG categories, the most frequent category was used. The terminology and assignment of core, softcore, shell and cloud were defined as previously described (Kaas et al. 2012; Koonin and Wolf 2012) . Briefly, the core genome contains homologous CDS found in all genomes, while the softcore contains homologous CDS found in 95% (25 or more) of genomes to account for potentially incomplete draft genomes. The shell was defined as homologous CDS found in 3-24 genomes, and the cloud was defined as CDS found in 1-2 genomes to account for species represented by more than 1 genome.
Amino acid composition
The relative abundance (mol%) of each amino acid in each CDS was calculated. The following protein characteristics were also determined for each CDS. Arginine to lysine ratio = [R/(R+K)]. Acidity = [(N+Q)/(N+Q+D+E)]. Aliphacity = [A+2.9V+3.9(I+L)], using mol%. KVYWREP content = [K+V+Y+W+R+E+P], using mol%. Grand Average of Hydropathy (GRAVY) was determined by adding the hydropathy value for each residue and dividing by the length of the sequence (Kyte and Doolittle 1982) . The distribution of most data was right-skewed (except for aliphacity and GRAVY); right-skewed data was arcsine( √ x) transformed before calculating the mean relative abundance of each AA for all CDS in a genome. Means were compared via a two level nested ANOVA with the first level consisting of the subgroups or strains of Psychrobacter and the second level consisting of the groups or habitats (warm host vs. other Psychrobacter); the Satterthwaite approximation was not used. A Bonferroni correction was applied to evaluate the significance of the difference in means where the corrected critical P value was equal to 0.05 divided by the number of tests. Trends in means were explored using principal component analysis (PCA), specifically the princomp function from R (R Development Core Team 2009) was run in Galaxy (Goecks et al. 2010) . Transmembrane (TM) proteins were identified as those CDS which contained one or more TM helices as determined by the TMHMM Server v2.0 (Krogh et al. 2001) . The pI of each CDS was calculated using the iep (isoelectric point) tool in Galaxy (Blankenberg et al. 2007 ) with a 0.5 step value for pH, 1 N-termini, and charges at the N and C terminus included. The pI of strains (subgroup) and habitat (group) was compared via two-level nested ANOVAs. The pI bias of the proteome was calculated as in (Kiraga et al. 2007 ) using a midpoint value of 7.4 and compared between groups via a Kruskal-Wallis test.
Cold adaptation of individual genes (homolog groups)
The following PCAT of individual CDS were calculated as above: glycine content, proline content, arginine to lysine ratio, acidity, aliphacity, KVYWREP content and GRAVY. Psychrobacter were divided into two clusters based on AA composition (PCA) and phylogeny (rpoB, ANI and AAI): Psychrobacter from warm hosts and other Psychrobacter (which were further divided based on habitat into marine and terrestrial isolates). The mean PCAT of each homolog group was calculated for the two clusters of Psychrobacter and compared via a Welch's t-test which assumes independence, unequal sample size and equal variance (Bakermans et al. 2014) and is robust to deviations from normality. Degrees of freedom were approximated with the WelchSatterthwaite equation. Kruskal-Wallis tests on untransformed data yielded essentially the same results (data not shown). A false discovery rate (FDR) correction was applied using the Benjamini-Hochberg procedure with a FDR of 5%. Here, homolog groups were considered to be potentially cold adapted in marine and terrestrial Psychrobacter if two or more PCAT were significantly different (after FDR correction) between the two clusters of Psychrobacter and displayed the appropriate trend. That is: higher G, lower P, lower R:K, more acidic, more aliphatic, lower KVYWREP and higher GRAVY as has been found in cold-adapted proteins (Zeldovich, Berezovsky and Shakhnovich 2007; Feller 2013; De Maayer et al. 2014) .
RESULTS
Phylogeny of the genus Psychrobacter
The phylogenetic relatedness of the 26 Psychrobacter strains was examined via analysis of the rpoB gene sequence similarity, pairwise ANI, and AAI between genomes. The low resolution of the 16S rRNA gene prevented its use for inferring the phylogeny of Psychrobacter strains (clustering of stains in 16S rRNA gene trees was not robust as reflected by low bootstrap values). The rpoB gene tree divided Psychrobacter into two main clades: strains associated with warm hosts (human blood, seal feces and a tropical marine fish) and strains from other habitats (primarily terrestrial or marine low temperature environments such as: permafrost and frozen soils, polar lake water, sea ice, sea water, the deep sea and associated with various marine organisms, Fig.  1) . The topology appears robust as most nodes are supported by 90%-100% of trees, while only four nodes were supported by 61%-72 % of trees. ANI and AAI analysis (Table S1 and Fig. S1 , Supporting Information) supported the topology of the rpoB gene tree with no significant deviations. The clade of strains associated with warm hosts (Psychrobacter phenylpyruvicus, Psychrobacter sp. 1501, Psychrobacter lutiphocae and Psychrobacter sp. PRwf-1) share 73% ANI and 67.8% AAI with other Psychrobacter strains. All Psychrobacter share about 69.6% ANI and 50.6% AAI with the outgroup A. baumannii. Using the most recent species cutoffs of ANI ≥ 96.5% and AAI ≥ 90% (Varghese et al. 2015) , these 26 Psychrobacter genomes represent 20 species (Table 2) .
General genome features
Based on the seven finished genomes, Psychrobacter strains have one major chromosome, 0-3 small plasmids present, 4 to 6 copies of the 16S ribosomal RNA gene, and an average of 51 ± 3 tRNA genes (Supp. Table S2 ). This is confirmed by two additional high quality genomes that are almost complete, but not closed (Psychrobacter muriicola and Psychrobacter sp. LV10R520-6). Assembly of the remaining draft genomes varies dramatically from 13 to 235 scaffolds. Psychrobacter genomes are relatively small with an average 3.22 ± 0.23 Mbp, GC content of 43 ± 1%, 2797 ± 232 genes, and 2733 ± 235 CDS.
The pan genome of Psychrobacter
The 26 Psychrobacter genomes contain a total of 71,062 CDS. Most CDS (55,288) were assigned to an OrthoMCL homolog group (3147 groups were represented), while another 11,502 CDS formed 1488 homolog groups within the genus Psychrobacter and 4272 CDS were not assigned to any homolog group and were considered unique. The core genes (present in all genomes) of the Psychrobacter pan-genome consisted of 35 966 CDS in 1188 homolog groups. On average, the core comprised an average of 1383 ± 37 CDS (51%) of each genome. The softcore (genes present in 95% of genomes) accounts for potentially incomplete draft genomes and consisted of 40 215 CDS in 1334 homolog groups which comprised 1547 ± 48 CDS or 57% of each genome. The accessory or dispensable genes of the pan genome were divided into genes of the shell (found in 2 to 24 genomes) and the cloud (found in only 1 or 2 genomes to account for species represented by multiple strains) as in Koonin and Wolf 2012 . The shell consisted of 24 376 CDS in 2064 homolog groups (34 ± 5% of each genome), while the cloud consisted of 6471 CDS (9 ± 4% of each genome). Not surprisingly, 34% of all CDS had no or only a general function prediction; and most of these CDS with unknown function were located in the cloud (86% of CDS in cloud; 44% in shell; 18% in core). As expected, the core pan-genome contained many housekeeping genes (Fig. 2) . The softcore contained many genes in the following COG categories: translation (J), replication, recombination and repair (L), coenzyme metabolism (H), energy production and conversion (C) and posttranslational modification (O). The shell contained many genes for inorganic ion transport and metabolism (P), the mobilome (X) and transcription (K). The cloud also contained many mobilome genes (X). Gene content was also examined by habitat: marine, terrestrial or warm host. Note that Psychrobacter alimentarius was classified as a marine isolate because it is the same species as Psychrobacter sp. UKMCC-SWTGB2 (isolated from the South China Sea) and was isolated from fermented seafood. Similarly, Psychrobacter sp. G was classified as a terrestrial isolate since it is the same species as Psychrobacter cryohalolentis (isolated from Siberian permafrost) and was isolated from surface waters within 250 m of King George Island. All habitats shared the 1334 core homolog groups and an additional 733 homolog groups that were found in all habitats but not in all genomes (Fig. 3) . Many homolog groups (844) were shared by isolates from terrestrial and marine habitats: most were classified as having unknown or a general function prediction (57%), 4.6% were classified as inorganic ion transport and 4.0% as the mobilome. Only 36 of these shared homolog groups were found in all terrestrial and marine genomes (Table 3) ; and half (18 of 36) of these homolog groups were either hypothetical proteins or proteins of unknown function (specifically DUF1176, DUF4124, DUF4845, DUF1365 and TIGR01244). Fewer homolog groups were shared between warm host Psychrobacter and either terrestrial or marine Psychrobacter and many were classified as unknown or a general function prediction only (86% and 46.6%, respectively). Warm host and marine isolates also shared homologs assigned to inorganic ion transport (9.0%, 24 of 268 shared homolog groups), the mobilome (6.9%) and transcription (6.1%).
In part due to the higher number of genomes from marine isolates, marine Psychrobacter had the most homolog groups unique to habitat. Most of these homolog groups (78%, 63% and 62% in marine, warm host and terrestrial Psychrobacter, respectively) have no known or only a general function. Terrestrial Psychrobacter also contained many unique to habitat homologs for secondary metabolite metabolism (5.9%, 10 of 174) and cell wall biogenesis (5.9%). The functions of the unique homolog groups of marine Psychrobacter were diverse with the mobilome (3.3%, 28 of 856) slightly more abundant than other categories. Warm host Psychrobacter also contained unique to habitat homolog groups for post-translational modification, protein turnover and chaperones (5.1%, 17 of 332); amino acid metabolism (4.8%); and the mobilome (4.3%). Interestingly, only warm host Psychrobacter contained any homolog groups that were both unique to the habitat and found in all genomes of the habitat (33 of 332, Table  S3 , Supporting Information).
Amino acid composition
The amino acid composition of Psychrobacter strains was examined for trends reflective of lifestyle such as psychrophily, mesophily and salt tolerance. The mean relative abundance of amino acids (mol%) of CDS was compared by PCA for exploratory purposes (Fig. S2, Supporting Information) . Component 1 separated Psychrobacter into two groups: strains from warm hosts and strains from terrestrial and marine environments. Component 1 accounted for 28% of the variation and was most affected by the percentage of lysine (+), leucine (+), threonine (−) and aspartic acid (-). A two level nested ANOVA of relative amino acid abundance confirmed that warm host strains (group 1) had significantly different amino acid composition from other Psychrobacter (group 2) after a Bonferroni correction was applied; specifically, the abundance of glutamine, leucine, lysine and proline was significantly higher in warm host strains, while the abundance of alanine, aspartic acid and threonine was significantly lower (Table 4) .
The higher lysine and proline content of warm host strains suggested an amino acid composition more like mesophiles compared to other Psychrobacter. Therefore, specific amino acid traits indicative of cold-adapted proteins (as demonstrated and used in other studies, see references above) were examined and referred to as PCAT in this study. Exploratory PCA analysis of the mean PCAT of CDS demonstrated that warm host strains formed a distinct cluster from other Psychrobacter (Fig. 4) as separated by component 2, which accounted for 33% of the variance and was most affected by proline content (−) and arginine to lysine ratio (+). Indeed, warm host Psychrobacter had a significantly lower arginine to lysine ratio, higher KVYWREP content and higher proline content as determined via a two level nested ANOVA (Table 4) . Psychrobacter were further separated along component 1 which accounted for 39% of the variation and was most affected by GRAVY (+), aliphatic index (+) and KVYWREP content (−). The terrestrial strains generally had more aliphatic and hydrophobic proteins than the marine or warm host Psychrobacter, although there is some overlap between terrestrial and marine Psychrobacter. Two level nested ANOVA confirmed that terrestrial strains could be distinguished from marine strains by a higher aliphatic index (Table 5) .
The higher aliphatic and hydrophobic content of CDS from terrestrial Psychrobacter suggested the influence of TM proteins whose relative abundance is higher in terrestrial strains (except P. arcticus) than other Psychrobacter (Table S2 , Supporting Information). Therefore, soluble and TM proteins were examined separately. Soluble proteins showed similar trends in amino acid composition and PCAT as all CDS (Table 4 and 5; Fig. S3 , Supporting Information), that is: PCA separated warm host Psychrobacter from other Psychrobacter and terrestrial strains from marine strains (confirmed by ANOVA). Interestingly, soluble proteins from warm host Psychrobacter had significantly less methionine than soluble proteins from other Psychrobacter. Soluble proteins of terrestrial Psychrobacter were also significantly more hydrophobic than marine strains. PCA of the amino acid abundance of TM proteins also separated warm host strains from other Psychrobacter. However, the abundance of alanine, glutamine, lysine and proline of TM proteins was not significantly different between warm host strains and other Psychrobacter; The isoelectric point (pI) of proteins is another measure of protein acidity and can reflect both cold-adaptation and salt tolerance of proteins (Kiraga et al. 2007; Feller 2013; De Maayer et al. 2014) . The genome-wide mean pI of CDS from Psychrobacter strains ranged from 6.41 to 6.8 (Table  S2 , Supporting Information) and was significantly different between warm host Psychrobacter and other Psychrobacter (Table 4 ). The distribution of pI within each proteome was examined using pI bias (as calculated in Kiraga et al. 2007 ) and ranged from −0.426 to −0.300 (Table  S2 , Supporting Information). Other Psychrobacter had a significantly higher pI bias than warm host strains (Kruskal-Wallis test H 1 = 7.293, P = 0.0069); however, the pI bias of terrestrial Psychrobacter was not significantly different from marine Psychrobacter (Kruskal-Wallis test H 1 = 1.962, P = 0.161). Psychrobacter with higher salt tolerance typically had more acidic proteomes and included many isolates from terrestrial habitats.
Cold adaptation of individual genes
Given that PCA analysis separated the warm host strains from other Psychrobacter, cold adaptation of individual genes was also examined. The 1334 homolog groups that formed the core genes of the genus were used for this analysis in which marine and terrestrial Psychrobacter were compared to warm host Psychrobacter (as the mesophilic representatives of the genus). Surprisingly, 62% (824 of 1334) of the homolog groups exhibited a cold-adapted trend in one or more PCAT. Increased hydrophobicity and decreased KVYWREP content were the most common PCAT seen in terrestrial Psychrobacter; while decreased proline content, increased hydrophobicity and decreased KVYWREP content were most common in marine Psychrobacter (Fig. 5) . Furthermore, proteins from terrestrial Psychrobacter exhibited increased hydrophobicity more frequently than marine Psychrobacter, which presented with decreased proline content and increased acidity more frequently. While a single amino acid change can be enough to elicit a functional difference in an enzyme that results in cold adaptation (Fields et al. 2015; Gao, Imanaka and Fujiwara 2015) , which changes lead specifically to cold adaptation cannot yet be predicted. Therefore, a more conservative metric was applied to identify potentially cold-adapted core homologs in marine and terrestrial Psychrobacter when compared to warm host Psychrobacter. Specifically, homologs from marine and terrestrial Psychrobacter were classified as potentially cold adapted when these homologs had two or more PCAT (not including aliphacity or GRAVY because effects are location dependent) that displayed cold-adapted trends compared to warm host Psychrobacter. Fourteen percent (192 of 1334) of the core homolog groups were classified as potentially cold adapted in marine and/or terrestrial Psychrobacter. These potentially cold-adapted homolog groups consisted of many genes of unknown or only general function prediction (22.9%, 44 of 154), as well as genes involved in translation (15.6%), amino acid metabolism (13.5%), energy production (8.3%), cell wall biogenesis (6.3%) and posttranslational modification (6.3%). Many (86 of 192) of the homolog groups were potentially cold adapted in both marine and terrestrial Psychrobacter (Table S4 , Supporting Information); however 76 homolog groups were potentially cold adapted only in marine strains (Table S5 , Supporting Information), while 30 homolog groups were potentially cold adapted only in terrestrial strains (Table S6 , Supporting Information).
DISCUSSION
The genomes of 26 Psychrobacter strains were compared to discover traits unique to cold-adapted terrestrial Psychrobacter. Understanding the genetic basis of cold adaptation in terrestrial bacteria is vital to determining how these organisms behave and contribute to carbon cycling in Arctic permafrost and frozen soils in light of changing temperatures and geochemical conditions (Graham et al. 2012; Jeffries, Richter-Menge and Overland 2014; Schuur et al. 2015; Chadburn et al. 2017) . With isolates from an array of habitats (including Arctic permafrost), the genus Psychrobacter provides a unique opportunity to examine habitat specific traits in the same genus thereby reducing concerns about phylogenetic effects. Phylogenetic analyses divided the Psychrobacter strains into two main clades: strains associated with warm hosts and strains from other habitats (permafrost and frozen soils, sea ice, sea water and associated with various marine organisms). This was supported by the topology of the rpoB gene tree as well as ANI and AAI comparisons. All inter-Psychrobacter comparisons had values typical of interspecies comparisons: greater than 68 to 72% (Qin et al. 2014) . Intergenus ANI values typically range from 63 to 68%, but there is no accepted ANI value that differentiates genera, instead pairwise AAI analyses are used to distinguish genera with 55-60% AAI as the recommended cutoff (Rodriguez-R and Konstantinidis 2014). AAI confirmed that Psychrobacter is a distinct genus from Acinetobacter (50.6% AAI) and that warm host strains should still be considered part of the genus Psychrobacter (67.8% AAI). In addition, the 26 genomes represented 20 species as demonstrated by ANI values above 95-96% (and 85-90% AAI) that indicate the same species (Goris et al. 2007; Richter and Rosselló-Móra 2009; Rodriguez-R and Konstantinidis 2014) . Interestingly, the clade of strains associated with warm hosts (P. phenylpyruvicus, Psychrobacter sp. 1501, P. lutiphocae, and Psychrobacter sp. PRwf-1) were isolated from human blood, seal feces and a tropical marine fish whose minimum and maximum water temperatures are 18 and 27
• C, respectively (OBIS 2011). In addition, the warm host strains have relatively high maximum growth temperatures (37-42 • C), which are higher than the average T max (34 • C) of these Psychrobacter.
The pan genome of these 26 Psychrobacter strains, which contained 71 062 CDS, was examined to establish the core and accessory genes of the genus. Most CDS were assigned to one of the 4635 homolog groups, while 4272 were unique. The core genome (1188 homolog groups which comprised an average of 51% of the genes in each genome) of Psychrobacter appears unusually large. Comparative genomic studies of bacterial species reveal that core genes comprise anywhere from 10% to 78% of genes in an individual's genome (van Tonder et al. 2014; Yuvaraj et al. 2017) . For example, the core genes of Escherichia coli constitute about 63% of the genes in each E.coli genome, even with a large open pan genome (Kaas et al. 2012) . While size of the core is influenced by the number of genomes available, other genera with similar number of genomes available have smaller core genomes than Psychrobacter. For example, 38 strains of Pseudoalteromonas shared 1571 core genes which comprised about 37% of the genes in each genome (Bosi et al. 2017) ; while 29 Enterococcus type strains shared 605 core genes which comprised about 20% of each genome (Zhong et al. 2017) . In Alteromonas, 25 genomes representing four species shared 1795 core genes which constituted 46% of the genes in each genome or 30% (1.4 of 4.7 Mb) of the size of each genome (López-Pérez and Rodriguez-Valera 2016). The core genome of the genus is definition dependent as exemplified by two studies in Geobacillus. When OrthoMCL was used to define orthologs within 29 strains of Geobacillus, the core genes constituted about 13% of each genome (Bezuidt et al. 2016) ; whereas when EDGAR was used to assign orthologs within 63 strains, the core genes constituted about 27% of each genome (Aliyu et al.2016; Bezuidt et al. 2016) . Large core genomes of species are often interpreted as the result of isolated, clonal populations, while small core genomes suggest many chances for gene exchange and migration (Land et al. 2015; McInerney, McNally and O'Connell 2017) . The relatively large core of the Psychrobacter genus may indicate that Psychrobacter undergo relatively less gene exchange, perhaps by exploiting niche environments with few neighbors. In soils, a single bacterial cell may be limited to an average of 120 neighbors with an interaction distance of ca. 20 μm (Raynaud and Nunan 2014) . Bacteria that are host associated or form biofilms may also have fewer neighbors. The large core is probably not due to lack of migration, given that strains of the same species (P.cryohalolentis and Psychrobacter sp. G) have been found at both poles and shared 1972 homolog groups (about 88% of the genes in each genome). In addition, diverse Psychrobacter have been detected in both Arctic and Antarctic soils and sediments (Rodrigues et al. 2009 ). Alternately, the large core genome may indicate relatively recent divergence within this genus. The pan genome of Psychrobacter is likely a relatively open pan-genome, as each genome added about 160 unique genes to the pan genome. In addition, many accessory genes (39%) were shared by 13 or fewer genomes. The gene content of Psychrobacter from different habitats (marine vs. terrestrial vs. warm host) was compared to determine if there are any habitat specific signatures. Only warm host Psychrobacter contained habitat specific homolog groups, which may in part be due to the limited number of genomes currently available. These homolog groups may have functions specific to the host environment; for example, homolog group OG5 131044 is annotated as a collagenase-like protease (Kato, Takahashi and Kuramitsu 1992) , which would be useful in an animal environment. At present the precise function, and therefore relevance, of most of the warm host specific homolog groups is unknown, and whether or not these groups will be found in other warm host Psychrobacter as more genomes become available remains to be seen. There were no terrestrial-specific or marine-specific homolog groups that were found in all relevant genomes, instead each genome had its own set of genes, highlighting the large variability in the accessory genes between Psychrobacter strains even in the same habitat. These accessory genes likely change rapidly and are probably responsible for adaptation to highly variable niche-specific conditions (Nakamura et al. 2004; Tautz and Domazet-Lošo 2011; Polz, Alm and Hanage 2013; Cordero and Polz 2014) .
Terrestrial and marine Psychrobacter shared many homolog groups (844) with each other, and fewer with warm host Psychrobacter. There were 36 homolog groups found in all marine and terrestrial Psychrobacter, but not in warm host Psychrobacter, which may have habitat specific functions. One of these, homolog group OG5 150424, encodes 3-oxoacyl-[acyl-carrierprotein] synthase I (FabB) that participates in the anaerobic synthesis of unsaturated C-16 and C-18 fatty acids, which are required to maintain fluidity of the cell membrane at low temperatures (Russell 2007; Russell 2008; Gerday 2011) . Because warm host Psychrobacter do not have FabB, they may be deficient in unsaturated fatty acids (Cronan, Birge and Vagelos 1969) . At present the precise function of most of the marine and terrestrial specific homolog groups is unknown, so their relevance to habitat cannot be determined. The more similar gene content of terrestrial and marine Psychrobacter (when compared to warm host Psychrobacter) may be due to divergence from a more recent common ancestor, similarities in environmental conditions that require similar adaptations in gene content, or both a common ancestor and similar environmental conditions. Whether adaptive evolution via acquisition of new accessory genes is more or less important than adaptive evolution of core genes for habitat and niche specialization in Psychrobacter is not known and could be examined in future studies (as in Lefebure and Stanhope 2009) .
The amino acid composition of Psychrobacter proteins was examined for trends indicative of cold adaptation such as decreased proline content. A genome-wide examination of relative amino acid abundance divided Psychrobacter into two clusters: warm host strains as separate from other Psychrobacter that appear more cold-adapted. Consistent with other studies (De Maayer et al. 2014) , potentially cold-adapted Psychrobacter had significantly fewer proline and more methionine (in soluble proteins). In addition, potentially cold-adapted Psychrobacter had significantly more alanine, aspartic acid and threonine (which do not favor helix formation) and fewer leucine and lysine (which favor helix formation) as seen in other cold-adapted bacteria (Metpally and Reddy 2009; Dsouza et al. 2015; Aliyu, De Maayer and Cowan 2016) . The two Psychrobacter clusters were still apparent when soluble and TM proteins were examined separately. The two clusters of Psychrobacter with different AA composition are consistent with the two clades that were identified in the phylogenetic analyses.
Because relative amino acid abundances alone do not describe all the relevant properties of cold-adapted proteins, PCAT that measure other aspects of amino acid composition were examined and divided Psychrobacter into the same two clusters: warm host strains and other Psychrobacter. Note that close phylogenetic relatives do not necessarily cluster closely together in the PCA analysis of PCAT. For example, Psychrobacter alimentarius and sp. UKMCC SWTGB2 are the same species, but are separated on the PCA plot; while Psychrobacter from the deep sea and porifora-associated Psychrobacter cluster closely on the PCA plot, but are more distantly related. These groupings support the hypothesis that the two clusters (warm host vs other Psychrobacter) reflect the effects of adaptation to different habitats and temperatures and are not simply reflective of phylogeny.
Consistent with other studies, marine and terrestrial Psychrobacter had a significantly lower proline (De Maayer et al. 2014) and KVYWREP content (Zeldovich, Berezovsky and Shakhnovich 2007) , than warm host Psychrobacter. Unexpectedly, the arginine to lysine ratio (R:K) was significantly higher in marine and terrestrial Psychrobacter (due to more arginine and significantly fewer lysine), which is the opposite of expected for cold-adapted proteins. A lower R:K has been seen in potentially cold-adapted proteins from Rhodococcus sp. JG3 , Psychrobacter arcticus 273-4 (Ayala-del-Río et al. 2010) and Polarmonas sp. EUR3 1.2.1 (Raymond-Bouchard et al. 2018) , but not in Planococcus halocryophilus Or1 (Mykytczuk et al. 2013) or Actinotalea sp. KRMCY2, Paenisporosarcina sp. Eur1 9.01.10, Methylobacterium sp. AL-11 and Kocuria sp. KROCY2 (Raymond-Bouchard et al. 2018) . Note that these studies compared potentially cold-adapted proteins to homologs in their closest mesophilic relatives (often in a different genus); while here the R:K of Psychrobacter represents a genome-wide mean. Given the variety of amino acid changes that can result in increased flexibility and activity while decreasing the thermostability of cold-adapted proteins (Struvay and Feller 2012) , it is not surprising that marine and terrestrial Psychrobacter do not necessarily show the same trends as other psychrophiles (particularly at a genome-wide scale of analysis).
Similarly, changes in protein hydrophobicity relevant to cold adaptation can be difficult to discern at the scale of the genome or full-length protein because the effect of a change in residue hydrophobicity on enzymatic activity at low temperatures is location dependent. Cold-adapted proteins often have smaller and less-hydrophobic residues in the core and a higher number of hydrophobic residues on the surface (Feller 2013; De Maayer et al. 2014) . Even though location was not considered in this study, soluble proteins from terrestrial Psychrobacter were significantly more aliphatic and hydrophobic (at the genome scale) than marine strains suggesting that terrestrial Psychrobacter employ different cold adaptations than marine strains. In addition, when core homolog groups were examined for potential cold adaptations, terrestrial Psychrobacter employed increased hydrophobicity as potential cold adaptations more frequently than marine Psychrobacter. The number of hydrophobic residues in cold-adapted proteins increases to counteract the reduced efficacy of hydrophobic interactions at low temperatures (Goldstein 2007) . Terrestrial and marine Psychrobacter may employ different cold adaptations as a reflection of the different temperature conditions of each habitat. Marine environments (except sea ice) typically have very stable temperatures, while terrestrial environments commonly experience daily and seasonal temperature fluctuations. Indeed, it has previously been observed that marine isolates are often stenopsychrophilic, growing well at a narrow range of low temperatures, while terrestrial isolates are often eurypsychrophilic, growing well over a broader range of low temperatures .
The isoelectric point measures protein acidity and is often lower (more acidic) in cold-active enzymes and salt tolerant microorganisms (Metpally and Reddy 2009; Struvay and Feller 2012) . Here, the lower pI of marine and terrestrial Psychrobacter proteins is consistent with a more cold-adapted proteome. In addition, the pI bias, which has been shown to correlate with salt tolerance but not growth temperatures (Kiraga et al. 2007) , revealed potential differences in salt tolerance of Psychrobacter. The pI biases of Psychrobacter are between the median pI biases of moderate halophiles (−0.483) and mesohalophiles (−0.234) and are below the median pI biases of nonhalophiles (−0.163). The most salt tolerant Psychrobacter have lower pI biases, while the least salt tolerant Psychrobacter have higher pI biases and are associated with warm hosts. The relatively higher pI bias of warm host Psychrobacter is also consistent with being host-associated, as Kiraga et al. also demonstrated that "in every case the pI bias of host-associated species is more shifted towards higher values (i.e. basicity) than the bias of species living in the multiple environments." This host-associated shift is also evident in Psychrobacter associated with sponges. It is not clear if the higher pI bias of hostassociated isolates is related to lower salinity conditions. Thus, the pI bias suggests that Psychrobacter are moderate to mesohalophiles and that there may be a spectrum of salt tolerance within the genus possibly linked to habitat.
The potential cold-adaptation of proteins in the core homolog groups was examined to determine which genes were potentially cold adapted in terrestrial and marine Psychrobacter compared to warm host Psychrobacter and if there were differences in potentially coldadapted genes between terrestrial and marine Psychrobacter. Conservatively, 192 of the core homolog groups were identified as potentially cold adapted. A conservative approach was taken to account for the variability of cold adaptations and because location was not considered in this study. Not surprisingly, many of the potentially cold-adapted homolog groups likely allow key processes such as translation (e.g. ribosomal proteins that bind rRNA and proteins that modify tRNA and rRNA), amino acid metabolism (e.g. synthesis and transport) and energy conservation (e.g. many subunits of electron transport proteins) to remain functional at low temperatures. Some of the potentially cold-adapted homolog groups have been associated with growth at low temperatures , such as: acetyl-CoA C-acyltransferase, RNase E, RNase D, GroEL/GroES, DNA topoisomerase I, delta-9 acyl-phospholipid desaturase, thiol:disulfide interchange protein DsbC and the ATP-dependent Clp protease ATP-binding subunit ClpX (Beckering et al. 2002; Bergholz, Bakermans and Tiedje 2009; Ting et al. 2010; Garba et al. 2016; Stahlhut et al. 2017) . The chaperonin GroEL/GroES is critical for proper protein folding especially during heat, osmotic and oxidative stress (Susin et al. 2006) and has been shown to be cold-adapted in the psychrophilic Pseudoalteromonas haloplanktis TAC 125 (Tosco et al. 2003) . Many DNA replication and repair enzymes were identified as potentially cold-adapted in marine and terrestrial Psychrobacter and included: RecF, DNA-binding protein HU-beta, excinuclease ABC subunits A and B, DNA polymerase I, DNA topoisomerase I, Holliday junction resolvasome helicase subunit ruvA, integration host factor subunit beta, recombination protein MgsA and MutS2. These proteins have roles in homologous recombination and recombination repair (Wang and Maier 2017) and may contribute to higher rates of recombination in the marine Psychrobacter which manifests as the large variation in accessory genes evident in this study. High rates of homologous recombination have been found in many marine bacteria (Vos and Didelot 2009 ). In addition, DNA damage from oxidative or other stresses, i.e. freezing and thawing (Grecz et al. 1980) , is likely in both marine and terrestrial environments, thus cold-adapted DNA repair enzymes would be advantageous. Indeed, Psychrobacter arcticus 273-4 is capable of repairing double strand breaks at −15
• C (Dieser, Battista and Christner 2013) . There were differences in potential cold-adapted proteins between marine and terrestrial Psychrobacter, but notable trends were not easily discerned. For example, the thiol:disulfide interchange protein DsbC was only found to be potentially cold-adapted in terrestrial Psychrobacter. Of course, studies of gene expression and enzyme activity are needed to verify the need for and activity of these potentially cold-adapted proteins at environmentally relevant low temperatures.
Psychrobacter strains from the deep sea (Psychrobacter pacificensis and Psychrobacter sp. Anti-Mn1) and associated with porifora (Psychrobacter sp. AC24, TB15, TB2, TB47 and TB67) grouped together on the PCA plot of cold adaptation indices. This grouping may be in part be influenced by the large number of integrases and transposes in these Psychrobacter strains (3.8 to 6.6% of CDS were assigned to the mobilome in these genomes, compared to an average 1.4% in the other Psychrobacter strains). These data are consistent with other reports of a high proportion of mobile genetic elements in other deep sea bacteria Math et al. 2012) .
In summary, genomic analyses of 26 Psychrobacter strains revealed several clusters with distinct characteristics that correlated with habitat. Psychrobacter strains associated with warm hosts grow at the highest temperatures, have distinct amino acid composition more typical of mesophiles, contain a set of genes distinct from marine and terrestrial Psychrobacter, have less acidic proteomes, and have a lower salt tolerance. In contrast, marine and terrestrial Psychrobacter grow at lower temperatures, have distinct amino acid composition characteristic of cold-adapted proteins, share many genes that are not found in warm host Psychrobacter, have many potentially cold-adapted core genes, have more acidic proteomes and have a higher salt-tolerance. Furthermore, terrestrial Psychrobacter were differentiated from marine Psychrobacter by more hydrophobic and aliphatic proteins, which may facilitate metabolism in thin films of brine within the frozen soil matrix. The similar gene content of marine and terrestrial Psychrobacter and the topology of the rpoB gene tree suggest that marine and terrestrial Psychrobacter likely evolved from a mesophilic aquatic/terrestrial ancestor and are accumulating adaptations beneficial to low-temperature growth. Adaptation of marine Psychrobacter to marine habitats and of terrestrial Psychrobacter to terrestrial habitats likely continues resulting in divergence within the genus. Eventually, terrestrial Psychrobacter may develop more niche specialization given the heterogeneity of soil environments and the decreased chance for gene exchange with other Psychrobacter. The functionality of the differences observed in this study remains to be verified and may be due to many factors (temperature, other habitat differences, neighbors, resources, etc.) or be unique to this genus. Furthermore, conclusions may change as additional genomes become available for analysis.
